Precise mass measurements of short-lived exotic nuclei are very important for the understanding of basic nuclear structure physics and astrophysical nucleosynthesis in nature, as well as for the test and the development of theoretical nuclear mass models. At GSI, the Isochronous Mass Spectrometry (IMS) dedicated to mass measurements of shortlived nuclides was developed. In this contribution, the IMS technique is briefly reviewed. Recently, the first large-scale measurement on the 238 U fission fragment was done successfully. The measured mass values are in excellent agreement with the recent Penning trap data, however, they show a systematical deviation from the values in the latest atomic mass evaluation. Some representative results from this experiment will be presented, including their impact on nuclear structure physics and astrophysical r-process nucleosynthesis.
Introduction
One of the big challenges for the present nuclear physics research is to approach the borderlines of nuclear existence. Exploring the limits of nuclear existence is also closely related to the key questions in nuclear astrophysics, namely the creation of the heavy elements in our universe. These are the strong motivations for the investigations of fundamental properties like masses of nuclei far from β-stability. 1 These nuclear data can furthermore serve as a critical test of the existing theoretical mass models and guide their further development.
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However, mass measurements of very exotic nuclides require very fast and sensitive methods since the nuclides of interest are short-lived and have very small production cross-sections. Consequently, these nuclides can hardly be accessed by the well-known techniques like Penning traps. There are several facilities for measuring short-lived nuclei in the world, for example, SPEG 4 and CSS2 5 at GANIL, MISTRAL 6 at CERN, and Isochronous Mass Spectrometry 7 (IMS) at GSI. A typical mass resolving power is presently about 10 5 . The IMS developed at GSI profits from the combination of the fragment separator (FRS) 8 and the experimental storage ring (ESR). 9 The former provides fast in-flight separated secondary beams and the latter, being tuned into an isochronous ion-optical mode, is used as a multi-turn time-of-flight (TOF) spectrometer. In this paper, the principle and the development of the IMS will be briefly discussed in Sec. 2. The improvements in the data analysis method and some representative results are given in Sec. 3. Finally, the summary is given in Sec. 4.
Isochronous Mass Measurement
The principle of mass measurements in the ESR can be expressed to first order as
where m/q, f , γ, v and Bρ represent the mass-to-charge ratio, the revolution frequency, the relativistic Lorentz factor, the velocity and the magnetic rigidity for a given ion stored in the ESR, respectively. γ t is the transition point of the ESR. In order to have a one-to-one map between the measured revolution frequency f and the mass-to-charge ratio m/q, one has to minimize the dependence of the revolution frequency on the particle's velocity or magnetic rigidity. Different from the SMS, 10 where the electron cooling forces all the circulating ions to have an identical velocity, in the IMS the ring is operated at the transition point γ t . In this way the revolution frequency of ions with the Lorentz factor γ = γ t depends only on its m/q but not on its velocity spread. Due to the fact that electron cooling is not required, the IMS allows investigating nuclei with lifetimes down to a few tens of µs.
In the pilot IMS experiments, 11,12 mass measurements of krypton fragments were performed. The nuclides were spatially separated via Bρ-∆E-Bρ method 8 in the FRS to optimize the number of interesting nuclei. The mass resolving power of about 110 000 and the mass accuracy of 100-500 keV were achieved. Nuclides with half-lives down to 50 ms were observed. However, the measured nuclides were evaluated only in a relatively small m/q range. Subsequent IMS measurements addressed to a large area of neutron-rich uranium fission fragments 13 in order to take the advantage of the cocktail secondary beams from the FRS. This measurement revealed that the isochronous condition is strictly fulfilled only in a small Bρ range, where the γ = γ t is best satisfied. Therefore, strong restriction criteria had to be applied in the analysis of the TOF Fig. 2 . Illustration of the overall revolution time drifts for different species during the measurement time. The TOF peaks are labeled with the corresponding identification. These overall drifts are mainly due to instabilities of magnets and can be removed in the following data analysis. spectra. A possible improvement to utilize the entire TOF spectrum could be to reduce the momentum width of the beam prior to the injection into the ESR. This can be done by using the high-resolution focal plane of the FRS to accurately select the ions in a required Bρ window (∆Bρ/(Bρ) ∼ 1.5 · 10 −4 ). This novel extension for the IMS has been proved in a short test run 14 and applied furthermore in the production run. 15 The Bρ tagging method contributes to an increased resolving power as demonstrated in Fig. 2 . In the original accumulated TOF spectrum, the overall drifts of the revolution times for different ion species during the measurement can be clearly seen, which enables a further improvement of the resolving power if a careful correction of the overall drift is made. The mass resolving power of about 200 000 has been achieved over nearly the entire revolution time spectrum. In total, 35 nuclear masses including 8 measured for the first time were determined with a typical accuracy of about 120 keV. 15 The nuclides whose mass values were measured with the IMS are summarized in Fig. 1 .
Data Analysis and Representative Results
The data analysis method for the IMS data has been further developed and optimized. 15, 16 Besides the improvements in the determination of the time stamps of the recorded raw signals and the particle's revolution time, a pre-selection criteria were implemented: only those particles with maximum number of turns larger than 100 were taken into account. Only the nuclides for which more than 10 particles have been observed and that have unambiguous particle identification were analyzed further. Moreover, the mass correlation matrix approach 10, 15 has been applied for the first time to the IMS data. Thus, the overall drifts of the revolution times observed in the original TOF spectrum can be largely corrected. The merit of this evaluation method is clearly demonstrated in Fig. 3 . The mixed TOF peaks in the accumulated TOF spectrum for two species 132 Sn 50+ and 132 Sb 50+ with a m/q difference of 6.3×10 −5 , can be well resolved after applying the mass correlation matrix approach. With the novel IMS, the determined mass values 15 are in a very good agreement with the latest results from JYFLTRAP 17 as illustrated in Fig. 4 . However, both measurements can deviate up to 200 keV (e.g., 83,86 As) from the tabulated AME'03 values. 18 The analysis 15, 17 has shown that the newly measured masses of neutron-rich nuclides are generally larger than those taken from the AME'03. The systematically underestimated mass values for neutron-rich nuclei in the AME'03 can misguide the development of various mass-fit-driven theoretical mass models.
The new IMS data allow investigations of the nuclear gross properties. The new results show a decreasing trend of shell gap energies towards doubly magic nuclide 78 Ni, which is in excellent agreement with the recent conclusion from Penning trap
